Noble metal particles supported on transition metal oxides (TMO) may undergo a so-called strong metal-support interaction via encapsulation. This perspective addresses catalytic properties of the metal catalysts in the SMSI state which can be explained on the basis of complementary studies performed on well-defined, metal-supported TMO films. In particular, the results of low temperature CO oxidation revealed the key role of weakly bound oxygen species provided by a two-dimensional ("monolayer") oxide film. The binding energy of such oxygen atoms can be used as a descriptor for oxidation activity. Reaction rate enhancement often observed for TMO films partially covering the metal surface is rationalized within a mechanism in which the metal acts as a promoter to create the most active "oxide red /oxide ox " interface formed by reduced and oxidized phases in the film. Although only low temperature CO oxidation is considered, it is tempting to generalize these ideas to other oxidation reactions following the Mars-van Krevelen type mechanism. In addition, metal-supported ultrathin TMO films may serve as well-defined model systems to examine different aspects of the "electron theory of catalysis" which was proposed long ago and which is based on electron transfer mechanisms.
Introduction
The term strong metal-support interaction (SMSI) is commonly associated with the original works of Tauster and coworkers from the late 1970s, who observed that the uptake of H 2 and CO drops after some treatment of oxide-supported noble metal catalysts, most markedly for Pt supported on TiO 2 [1, 2] . As a possible explanation, the authors first suggested electronic effects via charge transfer and even rejected metal encapsulation which is now considered as the main manifestation of SMSI, based on recent advanced electron spectroscopy studies [3, 4] . SMSI is sometimes used in a more general sense by including support effects on metal dispersion, spatial distribution, and particle shape. Although the Pt/TiO 2 system remains the classic example of SMSI via encapsulation, several other combinations of reducible transition metal oxides (TMO) and metals have shown similar behavior [5] [6] [7] [8] . Despite enormous efforts to directly visualize the encapsulation process, the precise mechanism of encapsulation remains unknown. Thermodynamic considerations favor oxide spillover onto the metal surface rather than migration through the metal particle and subsequent segregation to the surface. Considering only the final structure of a catalyst in such a state, we are left, in essence, with 1 3 a system consisting of a thin oxide film fully or partially covering a metal particle. Accordingly, the morphology and chemical composition of the oxide overlayer can be rationalized on the basis of results obtained for the growth of thin oxide films on metal substrates. In the absence of kinetic effects, the growth mode is determined by a balance between the surface free energies of the oxide, the metal and of the metal/oxide interface [9, 10] . Note, however, that ambient gases may additionally affect the final structure. Since the surface energies of TM oxides are considerably smaller than those of catalytically relevant metals, one expects that the oxide will wet the metal surface. Of course, if the encapsulating oxide film is thick, e.g. a few nanometers, such metal particles "buried" by the oxide support will not be involved in the catalytic reactions. However, when the oxide layer thickness is comparable to the oxide lattice constants the situation is not as straightforward and intriguing effects appear. Henceforth, we refer to such films as "ultrathin", "two-dimensional (2D-)", or "monolayer" films. An even more complicated picture develops if the metal surface is only partially covered, either by small patches of a 2D-oxide film or oxide nanoparticles. Therefore, one may reasonably assume that the catalytic properties of TMO supported metal catalysts in the SMSI state (via encapsulation) is intimately linked with the structure and reactivity of metal-supported ultrathin TMO films. This is the focus of the present Perspective.
Well-ordered oxide films grown on metal single crystal surfaces have long been used as planar model systems for studying chemical reactions at oxide surfaces and of metal nanoparticles deposited on them. Such systems facilitate the use of the experimental tools of surface science which are often based on the use of charged particles (ions or electrons) [9, [11] [12] [13] . In the course of such studies, it has been found that ultrathin films often show structures and properties different from their bulk counterparts and "thick" films [14] [15] [16] [17] [18] [19] . Therefore, to understand catalytic reactions over a catalyst which underwent encapsulation, one needs to understand the reactivity of ultrathin oxide films. In the following, some examples will be discussed to validate this approach. Figure 1 shows scanning tunnelling microscopy (STM) and transmission electron microscopy (TEM) images of Pt particles deposited onto a crystalline Fe 3 O 4 (111) film grown on Pt(111) and then vacuum-annealed at 850 K. The images show well-faceted Pt particles exposing primarily the (111) surface [6, 20] . CO uptake measured by temperature programmed desorption (TPD) drops to almost zero upon hightemperature annealing, and as such the system manifests the classic SMSI effect. The STM images of the top facets revealed a hexagonal lattice of protrusions with an ~ 3 Å periodicity and a superstructure with an ~ 25 Å periodicity, which is clearly seen on large particles. This structure was assigned to a well-known monolayer thick FeO(111) film. Preparation of such films on Pt(111) and Pt(001) substrates was initiated by Somorjai and coworkers in the early 1990s [12, 21] . Further evidence for Pt encapsulation came from cross-sectional high-resolution TEM studies [20] as shown in Fig. 2a, b .
Discussion
As another example, we refer to STM studies of Pt deposited onto a TiO 2 (110) single crystal [22] . Upon high temperature annealing in vacuum, the top facets of Pt particles showed structures virtually identical to those obtained for ultrathin TiO x films grown on Pt(111) [23] . Although the precise atomic structures remain under debate, this example provides further evidence that oxide overlayers formed upon encapsulation of metal nanoparticles bear close resemblance and may even be virtually identical to the ultrathin oxide films prepared on the respective metal surfaces.
In the case of the Pt/Fe 3 O 4 (111) system, which were studied in the CO oxidation reaction at nearly atmospheric pressures, the encapsulated Pt particles showed a considerably higher reaction rate than the uncovered Pt particles prepared at low temperatures [24] . This somewhat unexpected finding demonstrated that encapsulation, which is commonly thought to have a detrimental effect on reactivity, may actually promote a reaction. To rationalize this effect, we studied the structure-reactivity relationships of FeO(111) films on Pt(111). At low temperatures (i.e., below 500 K), the Pt(111) surface shows negligible activity due to the blocking of O 2 dissociation by adsorbed CO. The FeO(111) film, on the other hand, showed much higher activity over a wide range of the CO:O 2 ratios in the reaction mixture, most markedly in excess of O 2 [25] . Therefore, it is the formation of an FeO(111) monolayer film on Pt particles that is responsible for the enhanced reactivity of Pt/Fe 3 O 4 (111) in the SMSI state.
Before we address the reaction mechanism, let us first recall that a monolayer FeO(111) film consists of closepacked layers of iron and oxygen stacked as O-Fe-Pt(111) (see Fig. 1d ). The Moiré structure originates from the ~ 10% mismatch between the Pt(111) and FeO(111) surface lattices. The polar oxide surface is stabilized by strong inward relaxation of the Fe and O layers accompanied by considerable charge transfer to the Pt atoms at the interface. The film is very stable and chemically inert in UHV conditions. However, at higher oxygen chemical potentials, the FeO(111) film transforms into a structure where O-Fe-O tri-layer domains of local FeO 2 stoichiometry form a close-packed structure that follows the Moiré pattern as a template [26] (see below). Note that the Fe ions in the FeO 2 film are in the 3+ oxidation state due to electron transfer from the underlying Pt substrate [27] .
When compared to the original FeO(111) film, the FeO 2−x film possesses a much more weakly bound oxygen species which were revealed by TPD via a low temperature desorption peak that has tentatively been associated with the O atoms in the topmost layer of the FeO 2 tri-layer, although the desorption mechanism remains unknown. Therefore, it is the formation of this weakly bound oxygen (WBO) at the oxide surface that likely promotes the CO oxidation reaction. A comparative TPD study [28] of various TMO films further linked the catalytic activity with the state of oxygen in the "oxygen-rich" films (i.e. treated in pure oxygen atmosphere). These studies showed that the weaker the surface oxygen is bound, the higher the reaction rate is (Fig. 2) . Thus, the desorption temperature of WBO species can be used as a good descriptor for oxidation activity to first approximation. Since CO adsorbs weakly on almost all oxide surfaces, its adsorption properties do not differ drastically for various oxides, at least for the closed films. Moreover, reactivity studies of FeO(111) monolayer films grown on Au(111) revealed a direct correlation between the total amount of WBO species in the sample and the reaction rate [29] . Although the atomic structure of the "O-rich" films on Au(111) remains unclear and may differ from that on Pt(111), the results further point to weakly bound surface oxygen as the key species in the CO oxidation reaction.
The observed relationship between the reaction rate and O 2 desorption temperature favours a Mars-van Krevelen (MvK) type mechanism: The CO 2 molecule formed by the CO + O reaction desorbs and leaves an oxygen vacancy behind, which is then filled by O 2 from the gas phase to complete the catalytic cycle. On the basis of density functional theory (DFT) calculations performed on a continuous FeO 2 tri-layer film on Pt(111), it was concluded that the reaction takes place between CO in the gas phase and O in the film, i.e. via the Eley-Rideal (ER) mechanism. In most cases, however, CO oxidation at surfaces follows the Langmuir-Hinshelwood (LH) mechanism, i.e. the associative reaction of adsorbed CO with O atoms formed by O 2 dissociation. For the case of oxide surfaces terminated by oxygen, the reaction may, in fact, be triggered by the ER mechanism that opens up the metal cationic sites and thus provides conditions for the LH mechanism in the steady state via CO adsorption on metal sites and reaction with the surrounding oxygen species. For the FeO(111)/Pt(111) system, such a scenario suggests that CO first reacts with topmost oxygen in the O-Fe-O tri-layer, ultimately creating oxygen vacancies and hence exposing Fe cations for CO adsorption.
Let us now address the case of metal surfaces partially covered by an oxide film. In fact, such studies were used in the past to understand the role of oxide promoters on noble metal catalysts, in particular in CO and CO 2 hydrogenation reactions [30] . The results showed a maximum activity at sub-monolayer oxide coverage, scaled with the length of the perimeter at the oxide/metal boundary, and was therefore assigned to reactions taking place at the oxide/metal boundary. These so-called "inverse" [31] [32] [33] , i.e. oxide-onmetal, model catalysts were used for elucidating reaction mechanisms in conventional, i.e. metal-on-oxide, catalysts, assuming that the metal-oxide interfacial structures are similar. With the help of STM, it was found, however, that oxide deposits on metal single crystals often form patches of ultrathin oxides with many different structures and complex phase diagrams [15, 17] . In this respect, ultrathin films of iron oxide show only one stable phase, i.e. FeO(111), on many noble metal surfaces (Pt, Pd, Au), which simplifies establishing structure-reactivity relationships.
The first results of Bao and co-workers for CO oxidation on FeO(111) islands on Pt(111) in UHV conditions were rationalized in terms of the reaction occurring at the FeO(111)/Pt(111) interface [34] . The mechanism was investigated with DFT calculations for several TMO(111) monolayer films supported on Pt(111) [35] . The calculations showed that O 2 can dissociate on coordinatively unsaturated Fe sites at the interface resulting in O atoms bonded to both Fe and Pt, which then react with CO adsorbed on Pt to produce CO 2 . Although such a mechanism seems plausible under UHV conditions, it hardly holds true for higher pressures where the tri-layer FeO 2−x phase forms.
CO oxidation on partially covered FeO(111)/Pt(111) films at near atmospheric pressures and 450 K revealed a maximum activity for films covering about 40% of the Pt(111) surface. This indicates that the oxide/metal interface is, indeed, more active than the oxide surface itself [36] . In addition, TPD studies of CO adsorbed on O-rich (i.e., FeO 2−x ) films also showed a maximum in CO 2 production at ~ 40% coverage, whereas the TPD results on "as prepared" sub-monolayer FeO(111) films only showed fingerprints of CO oxidation on bare Pt(111). Therefore, the enhanced reactivity was reasonably assigned to the reaction between CO adsorbed on Pt and oxygen species adsorbed at the edge of FeO 2−x (and not of FeO) islands. In principle, one could not rule out that the FeO(111) bilayer remains stable in the highly reducing ambient conditions applied, for example, in PROX (preferential CO oxidation in excess of hydrogen) [37] . However, the role of hydroxyls and water in this reaction remains to be investigated in detail.
Nonetheless, both proposed structures for the most active phase infer that the reaction occurs at the metal/oxide interfaces, either FeO 2 /Pt or FeO/Pt. However, a very recent study by Zhang et al. [38] provides some solid evidence that the catalytic reaction, in fact, takes place at neither interface, but instead at the boundary between reduced and oxidized phases of the film, in other words, at the oxide red /oxide ox interface. Figure 3 displays STM images of FeO 2−x islands, where periodic protrusions of ~ 2 nm in diameter follow the Moiré structure of the original FeO(111) film and are assigned to FeO 2 tri-layer domains. These are shown in side view in Fig. 3a [27] . CO exposure at 350-450 K reduces the FeO 2−x phase back to FeO(111), even at pressures of 10 −6 mbar. Time-lapse ex situ STM imaging showed that the reaction starts at the island edges and propagates into the interior [38] . Interestingly, the Moiré pattern is not lifted uniformly, but instead from the side that is closer to the island edge (Fig. 3b) . This suggests that the reaction is initiated at the interface with Pt, and then continues by CO reacting at the interface between the oxidized FeO 2−x phase and the reduced, FeO(111)-like phase left behind (Fig. 3c) . Basically, the same mechanism is observed in CO and O 2 reaction mixtures. Even in excess O 2 , the regions closest to the island edges undergo reduction, while the interior remains intact. Although in O 2 -rich atmospheres reduction does not propagate far from the island edge, it is clear that the initial FeO 2−x /Pt interface does not exist anymore under the reaction conditions that provide sustained CO 2 production (Fig. 4) . When the oxygen flow is stopped, the CO 2 production drops to zero, and recovers after re-introducing O 2 . However, the reaction rate is reduced upon cycling O 2 flow on and off. Bearing in mind that the FeO 2−x islands in pure CO ambient (i.e. in the absence of O 2 in the flow) exhibit reduction that propagates from its edge towards the island interior (see Fig. 3 ), the reduction of the rate can readily be assigned to a decrease of the total perimeter length of the active oxide red /oxide ox boundary.
One may argue that the chemical potential of O 2 at low pressures used in these experiments is too low to efficiently replenish the O atoms, consumed by the fast reaction between CO on Pt and O at the edges of oxide islands, and hence too low to preserve the FeO 2−x /Pt interface from the reduction propagating inside the island. On the other hand, a very similar oxide morphology was observed on dense FeO(111) films by consecutive exposures first to O 2 and then to CO in the mbar pressure range [39] . In Fig. 5 , one can easily recognize patches of FeO 2−x surrounded by the reduced phase. Also, cut Moiré spots at the domain's edge resemble those shown in Fig. 3b obtained at 10 −6 mbar pressure. The formation of the reduced phase in the dense films is probably triggered at defects, whereas it readily occurs at the islands edges thanks to the reaction with CO adsorbed on Pt. Therefore, the volcano-type activity vs coverage plot [36] may be attributed to a facile formation of the oxide red /oxide ox interface in vicinity of the oxide/metal boundary rather than to the catalytic reaction at the boundary itself.
The proposed mechanism agrees well with the DFT calculations of the oxygen vacancy formation energy [36] . Yet not all hypothetical structures have been computed, the lowest energy (1.36 eV) is obtained for the O atoms at the FeO 2 /FeO interface in the FeO 2−x film (see Fig. 3a) . Note, however, that this interface is not identical, to the oxide red / oxide ox interface formed during the CO oxidation reaction, otherwise the reaction would occur homogeneously across the film, which is not the case. For comparison, the respective energies for O atoms at FeO 2 /Pt (1.53 and 1.58 eV) are considerably higher, which are, in turn, lower than those computed for the topmost oxygen in the FeO 2 trilayer (1.67 eV). These are all much more weakly bound than O atoms at the FeO/Pt interface (2.15 eV). Therefore, the DFT calculations nicely corroborate the key role of WBO species in this reaction.
It is worth mentioning that recent studies on CoO(111) islands, grown on Au(111) and Pt(111) and considered as model catalysts for the oxygen evolution reaction [40, 41] , revealed close similarities to FeO(111) with respect to the oxygen induced transformations and interaction with water [42] . Even though the CoO(111) films have not yet been studied in catalytic reactions, this finding allows generalization of the principles underlying the formation and reactivity of "tri-layer" TMO films. Among the thin films studied in CO oxidation, ZnO(0001) films were the least active (Fig. 2) . In principle, this may be related to the fact that ZnO is not a reducible oxide, and that the formation energy of an oxygen vacancy is relatively high [43] . Another reason can be related to the fact that the ultrathin ZnO films relax into a graphene-like structure. However, the CO 2 production rate considerably increases on ZnO monolayer films on Pt(111) at sub-monolayer coverage [44] . Again, this finding has been interpreted as direct evidence for the reaction occurring at the metal/oxide boundary, although STM studies revealed structural transformations at near atmospheric pressures resulting in ZnO bilayer sheets. Such a rate enhancement was not observed for ZnO bilayer islands grown on Ag(111) [45] . In fact, ZnO deposits suppressed the reactivity of a pure Ag(111) substrate. The support effect was reasonably explained by a much stronger CO adsorption on Pt(111) compared to Ag(111) which increases its residence time and hence probability for CO to react with oxygen at the island edge. However, in the light of the reaction mechanism proposed above for the FeO films, one cannot rule out that Pt eases the formation of the reduced oxide phase at the edge of bilayer ZnO sheets and hence provides conditions for sustained reaction on the oxide surface. Yet the results available to date for ZnO(0001) films do not allow to support or exclude this hypothesis.
So far we discussed systems where a TMO film was artificially grown on a noble metal surface or was formed as a result of encapsulation. However, catalysis on bimetallic or alloy particles containing TM may also result in such systems, even in the absence of SMSI, if the reaction takes place under net oxidizing conditions. In excess oxygen, surface segregation and subsequent oxidation of the least noble metal in the bimetallic particle (i.e. TM) is highly possible. The resulted oxide layer may fully or partially cover the metal particle surface, eventually forming a core-shell structure similar to a particle formed via encapsulation. For example, such a model could be considered to explain the promotional role of Fe added to Pt/Al 2 O 3 catalysts used for PROX [46] .
It is generally believed that only reducible TM oxides, either as a support or as additives, have a promotional effect on catalysis by metals. Although there seem to be no systematic studies, alumina and silica (as the classic non-reducible oxides) deposited on metal surfaces will most likely block catalytic reactions. Moreover, metal catalysts supported on Al 2 O 3 and SiO 2 show no SMSI effects. Nevertheless, the "ultrathin film" approach can be applied to alumina (silica) supported metal catalysts in strongly oxidizing conditions as well. It is well-documented in the literature that at relatively high O 2 pressures and temperatures even noble metals such as Pt, Pd, and Ag may form ultrathin oxide overlayers which are considered the most active (see a short review in ref. [47] ). Interestingly, these "native" oxides exhibit in some cases the tri-layer structural motif.
Perhaps the most famous example highlighting the role of native oxide films is the formation of a well-ordered RuO 2 (110) film on Ru(0001), which may grow up to a few nanometers in thickness depending on the ambient conditions [48] . The results of CO oxidation performed on this system fit nicely the general trend shown in Fig. 2 . In this respect, it is worth mentioning that the correlation between oxygen binding energy and catalytic activity was reported long ago for pure oxide catalysts [49] . Such a trend obtained on different systems allows us to make a more general conclusion: The reactivity of ultrathin oxide films is, in essence, determined by its ability to provide "active" WBO oxygen, which is, in turn, linked with the ultra-thinness and/or peculiar structure of the oxide stabilized by the metal support. Indeed, the CO oxidation studies discussed above were carried out in an O 2 -rich atmosphere in order to maintain the 2D character of the films, which otherwise dewet in O 2 -lean conditions and slows down the reaction. [25] .
The formation of thin oxide layers on metals and its possible effects on catalysis have been intensively discussed since the 1950s, most notably by Volkenstein [50] and Schwab [51] . This culminated in the so-called "electron theory of catalysis" focusing on the role of charge carriers and based, in essence, on models developed for metal/semiconductor interfaces. It was believed that native oxide films formed on metals can be used to control charge transfer to and from surface ad-species rendering them catalytically active. Certainly, this scenario may also be applied to the TMO films formed on metals as a result of encapsulation. Interest in this theory has decreased over time until recently. It has started to receive considerable attention again thanks to the substantial development of experimental tools that allow the preparation of well-defined ultrathin oxide films.
Charge transfer processes mediated by ultrathin oxide films have already been proven, both experimentally and theoretically, for several cases of metal adsorption, most notably on MgO(001) films [52] . The process is controlled by the work function which can, in principle, be tuned by choosing a combination of an oxide and a metal [53] . As far as adsorption of gas molecules is concerned, the situation is less certain as the results are relatively scarce [54] [55] [56] . A DFT study [57] of CO oxidation over MgO(001)/Ag(001) predicted the reaction mechanism (still awaiting for experimental proof), in which oxygen reacting with CO is activated by charge transfer.
Clearly, further studies remain to be done to identify catalytic reactions which are, governed by charge transfer through the oxide film. Nonetheless, well-defined ultrathin films with a controllable thickness provide good planar models to examine such effects on catalysis.
Synopsis
The results discussed here in detail for the iron oxide-Pt system demonstrate that catalytic properties of TMO-supported metal particles in the SMSI state can be rationalized on the basis of complementary studies performed on metalsupported ultrathin TMO films.
In particular, the results of low temperature CO oxidation revealed the key role of weakly bound oxygen species in the reaction. Although only CO oxidation was considered, it is tempting to generalize these ideas to other oxidation reactions that follow a Mars-van Krevelen mechanism.
Reaction rate enhancement observed for TMO films partially covering the metal surface is commonly attributed to reactions occurring at the interfacial sites between adspecies on the metal and the oxygen in the oxide. Recent results provide some evidence for another mechanism, in which Pt solely behaves as a promoter to create the most active "oxide red /oxide ox " interface formed by reduced and oxidized phases in the TMO film.
The results suggest that certain precautions must be taken when using "inverse", i.e. oxide-on-metal, model catalysts to understand reactions occurring on conventional metal/ TMO catalysts. It appears that the two-dimensional character of ultrathin films is important for the structure-reactivity relationships observed.
Finally, well-defined ultrathin TMO films supported on metals may serve as good model systems to examine some aspects of "electron theory of catalysis" which was introduced in the past and based on electron transfer mechanisms.
